Small clusters are entities comprised of assemblies of atoms or molecules �hich often display properties that differ from the individual components and the bulk and, hence, are considered a unique state of matter. Investigating ones of differing sizes provides information that serves to bridge states of matter and, as recently sho�n, cluster research bridges many disciplines of science. This plenary lecture focused on the varying properties of matter of restricted size, the ability to produce clusters that mimic elements of the periodic table and, hence, behave as super-atoms that can serve as building blocks for ne� nanoscale matter �ith designed properties. Mass spectrometry has in the past, and continues in the future, to play a central role in this ��eld. Figure 1. Gas-phase clusters as models of catalytic active sites [adapted from reference 5(a)].
Introduction
Cluster research continues to be a subject of increasing interest and activity. 1 Advances in the field depend heavily on mass spectrometry, where obtaining knowledge of cluster composition enables insight into such phenomena as the origin of magic numbers, the existence of super-atoms and the formation of cluster mimics of elements of the periodic table. [2] [3] [4] Information on super-atoms is being used to understand factors governing the stability of clusters that offer the prospect of serving as building blocks for new nanoscale materials. The nature of super-atoms is an active subject in my group, pursued in depth with my theoretical colleague S.N. Khanna from VCU, and is the main subject of this chapter. Among many subjects that my group is actively investigating include the evolving compositions of intermediates and final products of reactions that model catalytic behavior and which provide insights into mechanisms of catalytic activity. 5 In this case, the focus of the research has been on oxygen transfer reactions involving transition metal oxide systems. Much of the work follows on from our discovery of Met-Cars, unique clusters comprised of eight early transition metals bound with 12 carbon atoms that display unusual electronic properties and an unexpected structural arrangement. 6
Experimental studies
Virtually all of the work in the cluster field has built on developments in mass spectrometry, frequently in combination with laser ionization and optical spectroscopy techniques. The need for mass analysis arises due to the distribution of sizes frequently produced in cluster sources and the desire to uncover the products in dissociative or reactive encounters. In our own laboratory, techniques such as flow reactors coupled with quadrupole mass spectrometers and a combination of quadrupole and octopole fields in a guided ion beam arrangement have been used in studies of cluster reactions. The focus of the work has been on clusters which display reactive stability or on others which enable the mechanisms of certain heterogeneous reactions such as ones involved in catalysis to be interrogated in detail. In this context, clusters can serve as model reactive surface sites; see Figure 1 . An important example is seen in Figure 2 which shows that in reactions of vanadium oxides with ethylene, only the V 2 O 5 and V 4 O 10 species effect the formation of acetaldehyde.
The discovery of Met-Cars 6 was made in an apparatus having a configuration similar to the guided ion beam facility. The properties of Met-Cars have been widely explored in our laboratory using a variety of mass spectrometer techniques, including ones involving time-of-flight techniques. See Figure 3 for the predicted ground state structure of this unique cluster.
Coupling the mass spectrometer with electron energy analyzers has enabled a determination of the structure of clusters that may serve as building blocks of new materials, for example. Other hybrid arrangements with lasers have led to extensive work related to delayed ionization which can be a major ionization channel for the case of Met-Cars; 7 see Figure 4 . The MC 2 building block has been inferred as the species leading to a delayed atomic ion emission, of which we are unaware of other examples. Studies made with time-of-flight systems coupled to femtosecond lasers have enabled studies of electron excitation and relaxation dynamics of Met-Cars which display unusually low ionization potentials in the range of those found for alkali metal atoms. In addition to studies of the properties displayed by matter of restricted size, emphasis is also being given to producing mass selected deposits for further characterization. 8
Superatom clusters and building blocks of nanoscale materials
The idea behind the feasibility of producing materials via cluster assembly can be traced to a paper in Physical Review Letters in 1992 published by Khanna and Jena. 9 Their idea arose from a consideration of the stability of close packed geometric structures found experimentally by others, considerations of the Jellium shell model, and findings from our laboratory on the unusually reactive stability for Al 13 -. 10 Our initial and key finding was that the Jellium model 11 could be used to predict which species may be stable against reactive destruction due to its closed-shell electronic character. Al 13 became the model based on which other species were discovered. [2] [3] [4] 12 In terms of the Jellium model, this aluminum species is a closed shell 40 electron system that behaves as a rare gas mimic; indeed, in its ground state, it has been found to be totally inert against etching by oxygen, as have other related closed shell species such as Al 23 and Al 37 -. Etching of higher mass proximate species readily form these closed shell clusters as terminal products in the etching process; see Figure 5 .
Based on the prospects that this type of analogy could be used to construct a 3-D periodic table of cluster mimics, and theoretical calculations to this effect, we pursued other related studies. [2] [3] [4] An important example was the finding of a stable Al 13 Ispecies that shows by analogy that Al 13 behaves as a super-halogen and the aluminum core of Al 14 I 3 mimics an alkaline earth. Very surprisingly, the aluminum-13 and -14 species displayed a series of peaks corresponding to Al 13 I m and Al 14 I n -, where m is an even integer after m = 1, and n is an odd integer at n = 3 and beyond where the series commences. Interestingly, the aluminum cluster retains its integrity in all cases mentioned above and, in terms of distribution patterns, the Al 13 I m species mimic polyhalides well known in the condensed state; 3 see Figure 6 . Evidence for aluminum clusters behaving as super-halogens and alkaline earth metals is seen in Figures 7 and 8 .
Further evidence for the validity and broad applicability of the super-atom concept comes from recent evidence that there are other cluster compositions which display multivalent character showing, for example, that combinations of Al 7 with other atoms and molecules give rise to closed shells of 18, 20 and 22 electrons with concomitant variations in valences. 13 There seems no limit in the ability to derive a full table of element mimics employing the super-atom concept.
Forming nanoscale materials via the cluster assembly of super-atom building blocks
The findings outlined in the foregoing sections show the great promise offered by the concept of using the assembly of super-atoms to develop new nanoscale materials. However, the question remains; can the promise be realized in practice? Using synthesis procedures, we successfully produced a crystalline material comprised of units of As 7 K 3 identified in gas-phase studies as a stable Zintl-like species (see Figure  9 ) and calculated to be a suitable building block for a clusterbased material.
Theory pointed to a possible unit cell structure comprised of the assembly of six such species, which was accomplished and structurally confirmed by X-ray diffraction. The details of the work will be presented elsewhere. 14 The promise offered by this new approach seems boundless and offers an exciting new avenue to pursue in the quest for ways to tailor the design of nanoscale materials of desired properties, from the "bottom up". 
